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INTRODUCTION
Imaging with atomic resolution requires a probe of atomic dimensions. This deceptively simple fact underlies the success of the scanning tunneling microscope ' (STM) , where the exponential decay of the electron tunneling current with tip-sample separation implies that only the region of the sample very close to the tip contributes to the current. Indeed, since the decay length of the tunneling current is approximately 1 A, the total tunneling current will be dominated by electrons flowing through the single tip atom that is closest to the sample surface. Thus, although STM tips have a macroscopic radius of curvature at their ends-in practice rarely less than 100 A-the effective tip size is nonetheless a single atom, enabling it to produce images that have atomic resolution. The chief limitation of the STM is that it requires conducting or semiconducting samples.
The atomic force microscope2 (AFM) closely resembles the STM but obtains its topographical information from the short-ranged repulsion resulting from the overlap of electronic shells between tip and sample. If only shortranged forces existed, the AFM would operate exactly as the STM does-through a single atom-and one would expect to achieve the same resolution (without the STM's restriction to conducting and semi-conducting surfaces). However, the presence of long-ranged interactions such as the van der Waals (vdW) force, leads to a very different imaging scenario in which the macroscopic tip radius controls the imaging resolution. The purpose of this paper is to explore in detail the undesired effects of long-ranged forces (in Sec. II and the Appendix) and to suggest a way to control those effects (in Sec. III). We report on experiments that show that vdW forces can be measured using an AFM in Sec. IV and that their deleterious effects on imaging may be largely eliminated.
II. ATOMIC FORCE IMAGING
We begin by considering the operation of an AFM in vacuum. The AFM uses a sharp tip mounted at the end of a cantilever spring to probe the surface of a sample. If the tip and sample are electrically neutral, the tip will be subject to three forces: a spring force due to the cantilever, a short-ranged repulsive contact force, and a long-ranged attractive van der Waals force.
The short-ranged repulsion is usually modeled by one of the following three potentials:3 a hard-sphere potential, w(r) = I 0 for r>ro CO for r<ro' (la> where r. is the hard-sphere diameter, a power-law potential,
where n is often chosen to be 12, or an exponential potential, w(r) =ce+ 'Q, (lc) with a value of about 0.2 A assigned to the parameter rw In fact, the exact form of this potential matters little, save that it be short-ranged. The van der Waals (vdW) potential between two molecules, being the result of induced dipole -induced dipole interactions, has the familiar -C/r6 form. In order to calculate the force between a spherical tip of radius R and a flat surface, one may use a continuum approach and integrate the l/r6 interaction over the volume of the tip and surlace.4 The result is that, for small distances, the potential has the approximate form
where D is the separation between the sphere and surface, and A~-r&'p,p, is the so-called Hamaker constant, where p1 and p2 are the densities of the two solids.
In Fig. 1 , we show a simple model of AFM operation. The cantilever is represented by a spring of force constant k. (The value of k will depend, of course, on the elastic moduli of the cantilever material as well as on the cantilever geometry. (a) A tip of radius R is suspended a distance D above a surface. The tip is acted on by vdW forces, causing the spring to stretch and the tip to move by an amount 6 from the spring equilibrium height Z above the sample. Note that in the case of an attractive vdW interaction, shown here, S is negative. (b) The snapping instability causes the tip to hit the sample. Finite elastic moduli cause the tip and sample to deform. As suggested here, the sample is usually softer thaq the tip and deforms more.
although the actual geometry is more complicated. (Our tips are nominally four-sided pyramids ending in a rounded tip with a radius of about 500 A.) We may ignore the details of the tip geometry because the vdW forces are dominated by the atoms of the tip that are closest to the sample. (In AFM imaging, the distance between the surfaces is small compared to the radius of curvature of the tip.) Moreover, the effective range of the van der Waals forces is limited to several hundred angstroms by retardation effects:6 the finite speed of light limits the distance over which an induced dipole can interact with the fluctuating dipole that induced it. Thus, we may ignore the contribution to the vdW force from atoms that lie outside the ball at the end of the tip. In Fig. 1 (a) , 2 is the height of the bottom of the tip above the surface in the absence of external forces. The short-and long-ranged forces acting on the tip will cause a deflection, 6, from the equilibrium height Z. Thus, the actual separation between the tip and sample is D = 2 + 6.
Ordinarily, the cantilever is fixed and the sample displaced by a piezoelectric tube scanner capable of lateral (x,y) and vertical (z) motions. As the sample scans beneath the tip, the cantilever bobs up and down in response to forces acting between tip and sample. The deflection is measured (by the optical-lever technique,' in our case) and used to generate a topographic map of the surface. For imaging, a feedback circuit may be used to control the z extension of the scanner to maintain a constant tip deflection. The voltage applied to the z plates on the piezoelectric tube at each point of the region imaged is then related to the height of the sample at that point.
During AFM operation, one must begin with the tip far from the sample and extend the piezo until the tip is close enough to have a measurable interaction with the sample. As the tip approaches the sample, the vdW attraction will cause the cantilever to deflect, as in Fig. 1 (a) . Imaging may be performed when the tip and sample are not in contact,*" but the resolution is limited to scales on the order of the tip-sample separation.
In the absence of the short-ranged repulsion, the equi----.--librium tip position will be one where the vdW and spring forces balance. This point may be determined by finding the energy minimum for the system. The potential energy may be written as AR 1 E '",f? = -6(z+s) +g kf2, where Z is determined by the piezo extension and acts as a control parameter. This energy function has a singularity at S = -Z, when the tip-sample distance is zero. Of course, contact forces will always limit the approach distance to a few angstroms. Local minima of the energy function may be found by setting its derivative equal to zero:
Thus,-the critical values of E are the solutions of a cubic equation and so can be calculated analytically. Note that Eqs. (3) and (4) may be scaled so that they depend on only one parameter, & vm, which is the length scale at which the vdW forces are able to deflect the spring significantly.
For large tip-sample distances, the cantilever feels no forces and S =O. As Z is decreased, moving the tip and sample together, an attractive vdW interaction (A > 0) will cause the tip to be deflected toward the sample. The equilibrium tip position in our model is a local minimum of Eq. (3). Solving Eq. (4) for S, we find that when Z is decreased to 32'3&2, the solution corresponding to the slightly deflected tip becomes unstable -the magnitude of the gradient in the vdW force has become larger than that in the spring force." At this point, cantilever deflection will have brought the tip to a distance of D=Z+S = 2Z/3 = &' 3$ from the sample. The tip must then "snap" into contact with the surface. For typical values of the Hamaker constant, tip radius, and spring constant (10-l' J, 500 A , and 0.1 N/m, respectively), the tip will jump into contact with the surface when it is about 26 A away. This separation is still large enough that atomicscale roughness will have a negligible effect on determining the tip deflection and snapping point. Conversely, the tipsample distance at the snapping point is considerably less than the tip radius, so the assumption in Eq. (2) that D Q R in the region of interest is justified.
Once the tip and sample are in contact, the shortranged forces may be used to image the surface of the sample. This is the standard mode of operation for the AFM. The tip is then at a position where the net force due to the spring and the large vdW interaction is balanced by the repulsion from the relatively few tip atoms in contact with the sample. In vacuum, the vdW forces are large enough that deformation of the tip and the sample is inevitable. " If the sphere and surface were infinitely rigid, they would touch at just one point. Because each body has a finite elastic modulus, they each deform and make contact over a small circle of radius aa. This situation is illustrated in Fig. 1 (b) . The size of this circle for an external loading force was calculated long ago by Hertz. '* Here, the loading force is caused by the vdW interaction between the bodies themselves (as well as by any additional spring force). In this case, the contact area is increased as the vdW attrace tion deforms the surfaces, bringing a larger area into contact.13 Expressions for the contact radii for these two cases have been included in the Appendix.
As the AFM exploits the short-ranged repulsion of the sample to map out a surface, it is clear that the resolution of the AFM is determined by the area of contact between the tip and sample. Since the vdW force between the two surfaces causes them to snap into contact, the contact area will have a value determined by the vdW force between the two surfaces at the closest distance allowed by the shortrange repulsion. For typical values of the Hamaker constant ( -10-l' J for the silicon nitride-mica system, which is used in this experiment), and assuming that the distance Do will be determined by the covalent radii of the atoms on the surface of the tip and sample (Do -1.5 A for surface oxygen atoms on the mica in contact with nitrogen atoms of the tip), the contact radius will be about 33 A. (See the Appendix for details. )
One might think that some of the vdW attraction could be balanced by using the spring to pull up on the tip. However, once the two surfaces have been pressed into contact, the vdW forces will cause them to adhere with a finite contact area even if the loading force is subsequently reduced to zero, as explained in the Appendix. Thus, a finite force is required to pull the two surfaces apart. For the example cited above, the contact radius would only decrease from about 33 A to about 21 A before separation occurs.
Clearly, these contact radii are too large to allow atomic resolution. It is still possible to image the surface of an ordered material, but the image will be a moire pattern resulting from the interaction between the lattices of both tip and sample. Lattice constants can be measured from such images, but local features will not be resolved. Such "moire images" are characterized by perfect lattices with no local defects. On the other hand, when the AFM has been used to image non-periodic structures, such as DNA,i4 the resolution does not exceed 30-50 A.
As indicated in Eq. (A9), the characteristic resolution scale B' of contact-mode AFM imaging depends on the Hamaker constant and tip radius as (5) where l/K is the function of the elastic properties of the tip and sample defined in the Appendix (K is approximately equal to the smaller of the Young's moduli of the tip and sample). Though our discussion of resolution in terms of continuum mechanics must break down as Z? approaches atomic scales, the vdW forces must be smaller than 1 nN for such a small B (see the Appendix). Various studies have discussed the limits of AFM resolution at the atomic level in terms of the interaction between a sample and a single-atom tip. It is generally found that atomic resolution is possible if the contact force can be kept small enough ( < 5 nN), l5 Thus, Eq. (5) should be a reasonable form for the resolution down to atomic scales.
Under typical conditions, the resolution 9 is at least 20 A and in practice is often larger. The relationship between AFM resolution and an attractive vdW force described by Eq. (5) is well-known'6 and suggests two strategies for improving AFM resolution. The most obvious one is to decrease the effective tip radius. As stated, our tips have a radius of about 500 A .I' Various "supertips" with nominal radii as low as 100 A have been developed recently. Standard AFM tips have also been sharpened to about 100 A by deposition of material and by ion milling. A second strategy to improve imaging, which is pursued here, is to modify the Hamaker constant itself. As we shall see in Sec. III, this may be done by immersing tip and sample in a liquid medium. This approach has been suggested for noncontact AFM studies."
III. MANIPULATION OF THE HAMAKER CONSTANT
The calculation of the vdW force in Sec. II was between a tip and sample separated by vacuum. The form given by Eq. (2) ignores many-body effects, the effect of an intervening liquid medium, and retardation effects for large distances. When the first two effects are taken into account, the form of the interaction potential is unaltered; the only change is in the value of the Hamaker constant. As mentioned above, retardation is only important at much larger tip-sample separations than are relevant for the AFM. In the non-retarded limit, the Hamaker constant between two media with a third intervening medium can be calculated using the Lifshitz theory.lg Although Lifshitz theory gives an exact formula for the Hamaker constant, that expression requires a representation of the dielectric responses of the media involved up to ultraviolet frequencies.*"** For the purposes of this paper, it is sufficient to consider an approximate form for the ~- (6) where the l i)s are the static dielectric constants and the nis are the optical refraction indices of the tip ( 1 ), sample (2), and immersion medium (3). In Eq. (6), ye is the electronic absorption frequency, which is assumed to be equal for all three media. Although approximate, Eq. (6) is valuable in that it highlights the roles of relative refraction indices and (to a lesser extent) dielectric constants in . . determmmg the value of Ais .
It is clear from Eq. (6) that Hamaker constants need not be positive. If the intervening medium has dielectric properties intermediate to those of the tip and sample, A132 will be negative, corresponding to repulsive van der Waals forces. This simply reflects the fact that one surface may attract the opposite surface less strongly than it does the intervening medium, resulting in a net repulsion between the bodies. A similar effect, dependent on the density of the materials involved, occurs when a wooden ball floats upwards in water: the gravitational interaction between the ball and the Earth is repulsive in the presence of a water medium.
If the Hamaker constant can be made negative, it can also -by appropriate choice of liquid medium -be made zero, or at least very small. By choosing a liquid for which the vdW interactions are repulsive, we avoid the snapping instability. This allows us to choose the applied force, rather than having it be set by adhesion forces, as is usually the case when attractive vdW interactions are present. The resolution will then no longer be given by Eq. (5)) but will instead depend on the area of the tip brought into contact with the sample by an applied spring force. In addition, the natural surface roughness of the tip can then give rise to true atomic resolution in the same manner as the STM. The first priority, then, is to have a purely repulsive interaction. Given a repulsive interaction, the weaker it is the better, so as to minimize deformation of the surface when the tip is moved closer to the sample.
IV. EXPERIMENTAL
Our goal, then, was to find a liquid medium for which vdW interactions between tip and sample were repulsive and weak. To proceed, we measured deflection versus piezo extension curves for a collection of Si3N4 tips and muscovite mica samples immersed in various media. To prevent contamination, a new mica sample was used for each different medium. This sample was fixed in a liquid cell, which allows operation of an AFM with both tip and sample immersed, and cleaved after immersion in the medium to be studied. (Mica cleaved in air is rapidly coated by a thin film of water.) Tips were rinsed in the immersion medium for an hour before use. In addition, at least one new tip was used for each medium.
Deflection versus piezo extension curves are often called force spectra since the cantilever deflection is proportional to the spring force acting on the tip. They are measured by extending and withdrawing the piezo scanner through part of its vertical range. Measurements were made with a commercial atomic force microscope" using a modified version of the force-spectrum routine to acquire 4096 points per spectrum. Ordinarily, such routines average the force spectra over several cycles. We found, however, that small thermal drifts, which can be caused by evaporation of the medium as well as by overall temperature fluctuations in the experimental apparatus, cause an offset of the curves in successive cycles, smearing out the information contained in the narrow range where vdW forces can be seen to act. For this reason, single-cycle force spectra were recorded and value-s of the force parameters were averaged after extraction. The approach speed was set to 1400 A/s, which is slow enough that viscosity effects are unimportant,23 except for very viscous fluids, yet fast enough that drift in the electronics and temperature is not a problem. Up to thirty spectra were recorded for each tip-medium combination.
We used cantilevers with low spring constants to increase the deflection caused by the forces. Since these cantilevers are longer than those with higher spring constants (200 pm as opposed to 100 pm), they are also better able to endure repeatedly being pressed through several thousand angstroms in contact with the surface. The cantilevers used had theoretical spring constants of 0.032 and 0.064 N/m."
Equation (6) suggests that in order to minimize. the vdW interaction, we should choose a medium with a dielectric constant and a refractive index close to those of either the tip or the sample. Since both mica and Si3N4 have rather high refractive indices (1.574 and 1.986, respectively24125), very few liquids meet these criteria. The dielectric constants of mica and Si3N4 are 5.4 and 6.34, respectively.26>25 For this study, three liquids were chosen: ethanol (which has a refractive index of nD = 1.3594 and a dielectric constant of e. = 24.55), 1-bromonaphthalene (nD = 1.6582, e. = 5.12), and I-methylnaphthalene (nD = 1.6170, e. -5). *',*' Equation (6) indicates that the vdW interaction should be attractive, repulsive, and small, respectively. Figure 2 shows representative experimental curves for the three media. These curves indicate the tip deflection as the tip approaches the sample. We did not use the curves for tip withdrawal since adhesion forces depend on the contact area between tip and sample, which varies from run to run.
We note that the vdW interaction is strongly attractive in the case of ethanol, as one would expect. Both other liquids give a repulsive interaction. The interaction for 1-bromonaphthalene is smaller than that for 1-methylnaphthalene. The reverse ordering for the naphthalene derivatives is not very worrisome: these liquids have dielectric properties similar to that of mica, so that small errors in the dielectric data can change the sign of the predicted Hamaker constant. In fact, more accurate calculations based on the Lifshitz theory predict that the interactions will be attractive in all three cases. Even these predictions must be treated with care, for they are only as precise as the dielectric data used as input. In particular, good data for mica is difficult to obtain as the physical properties vary from sample to sample. The overall difference between the results for ethanol and those for the naphthalenes is nonetheless in agreement with expectations based on Fq. (6).
We can use the force spectra to estimate the strength of the vdW interaction. The most convenient method for attractive interactions is to simply measure the size of the jump to contact. In order to do this, one needs to be able to calibrate the vertical axis of the force spectrum. This is easily done by assuming that when the tip and sample are in contact, changes in the piezo height must result in equal changes in the tip deflection. (We assume that the compliance of the cantilever is smaller than those of the tip and sample. This has been tested in other studies where cantilevers with much larger force constants were used.*') Solving Eq. (4) for 6(Z), reveals that the Hamaker constant can be calculated as 3kA:
A=R,
where A+ is the snapping distance. For repulsive interactions, we can simply measure the tip deflection at Z=O. The Z=O position may be located by finding the intersection between the baseline for the undeflected tip and the line asymptotic to the force spectrum when the tip and sample are in contact. We then find where A-is the measured deflection. A better procedure, which we have implemented as well, is to fit the full force spectrum curve using predictions based on Eq. (3). The full fit was used to calculate the solid lines shown in Fig. 2 . For this paper, the values of Hamaker constants were used . ..= only to quantify the attraction or repulsion measured with the force spectra. Elsewhere, we give full details concerning the fitting procedure and focus on the use of the AFM as a means of making local measurements of Hamaker constants.30 Preliminary images of mica indicate that image contrast does improve when a repulsive medium is used. Of course, a better demonstration of image quality would be to compare images of a step, defect, or adsorbed molecule produced with different media. However, a clear improvement in resolution of DNA strands was observed by Hansma et. al. upon imaging in I-propanol compared with images taken in ethanol.14 Propanol, unlike ethanol, leads to a slightly repulsive force spectrum reminiscent of our Fig. 2(b) . Curiously, both Eq. (6) and the more exact Lifshitz theory predict that the vdW interaction should be attractive for propanol. Indeed, the Hamaker constant should be only marginally smaller than for ethanol. We believe that in this case, a force other than the vdW interaction -the solvation force31 -is at play. We discuss this in detail elsewhere.30 But whatever the origins, a small repulsive force does lead to better image resolution.
V. CONCLUSIONS
The resolution of an AFM operated in contact mode is set by the contact area between the tip and sample. Attractive van der Waals forces cause a -mechanical instability that snaps the tip into contact with the sample, leading to elastic deformation and a finite contact area. The size of this contact area depends on the macroscopic tip size.
In order to improve AFM resolution when attractive vdW forces operate, there are two strategies: decrease the tip radius R (make the tip sharper) or decrease the Hamaker constant A (reduce the long-ranged forces). In this paper, we have pursued the latter strategy. A further step clearly would be to combine the strategies. We note that the relatively high value of the index of refraction for silicon nitride will lead to a large van der Waals force whatever the choice of liquid medium. Thus, a-related strategy is to try to find a tip material that will minimize the tip's contributions to A. It is clear that such a tip material will have to be an insulator rather than a metal or semiconductor.
Since Eq. (5) only holds for attractive vdW forces, yet another strategy is possible. The dependence of the contact area on the vdW force can be eliminated by setting the Hamaker constant to zero. The contact area is then controlled by the externally applied spring force.
We have shown experimentally that both attractive and repulsive vdW interactions can be measured using the AFM. This has important implications for image resolu-tion and raises the possibility of using the AFM to map out local variations of the Hamaker constant.32 And most importantly, we have shown that by careful choice of an immersion medium, long-ranged forces may be eliminated, allowing the AFM to operate using the short-ranged repulsion between the sample and a single-atom tip.
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APPENDIX: CALCULATION OF TIP-SAMPLE DEFORMATION
Elastic deformation will occur whenever two bodies are in contact. Consider a sphere of radius R which is pressed by a loading force F into contact with a flat surface. Macroscopic deformation in the absence of surface forces may be estimated using the Hertz theory.12 The region of contact in such a case will have a radius aH given by RF a&=->;---K where l/K is given by
where v is Poisson's ratio and E is Young's modulus for materials 1 and 2 (tip and sample). This theory may be used to estimate the maximum loading force permitted for atomic resolution. For typical values of the Young's modulus (1.5 X lo'* N/m2 for Si3N4), Hertz theory predicts that in order to have a contact radius of 5 h; between a sample and a tip with a 500 A radius of curvature, the loading force may not exceed 0.3 nN. This force is considerably smaller than the vdW force between the tip and sample in cases relevant to AFM operation in air. If we continue to approximate our deformed tip as a sphere, the force between it and the sample may be calculated by differentiating Eq. (2) with respect to D:
where Do is the minimum distance between sphere and surface allowed by the repulsive contact forces. Equation (A3) gives a value of 37 nN for the system discussed above, assuming values of IO-" J for A and 1.5 A for Do. The true force will, in fact, be greater because of the contact area between the deformed sample and the flattened tip.
While the Hertz theory may provide a sufficiently accurate model for the case of repulsive vdW forces,33 the actual contact area will be underestimated if attractive forces act. For the case of adhesion between the surfaces, a more exact calculation yields the formulai (A4) for the radius a of the contact region between a sphere of radius R and a plane. In Eq. (A4), F is the external loading force and WI2 is the adhesion energy, which here is due to the van der Waals interaction. In the absence of an external load, the contact radius remains finite and is given by ao= ( h-R2 W12/K) l/3 .
Adhesion causes the surfaces to remain in contact, even with small negative loads, until a critical value, given by F= -3?rRW12/2,
when the value of a given by Eq. (A4) becomes complex. At this point, the contact area abruptly goes to zero as the surfaces detach. The minimum radius reached before separation is given by amin = ( 3rR2 W&2K) 1'3 =ao/4 I/3 .
(A7) To estimate the adhesion energy, we assume that the tip and sample surfaces are flat over the region of interest. Then the energy per unit area required to separate the surfaces is34 W12=A/12nD;.
C-48)
Combining Eqs. (A7) and (A8), we see that the minimum radius .9? of the contact area of a sphere and surface is given by 9= (A91 '
For the values of the parameters considered above, we find a minimum contact radius 9? =: 21 A.
